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Abstract We have investigated the structural, linear and nonlinear optical properties of
high-quality MgO thin films deposited by laser ablation technique on quartz substrates. The
deposition process was carried out at various temperatures of the substrates from room
temperature to 600 C in order to investigate these properties of the films and their mutual
influence. The structural and morphological properties of the films were investigated by
X-ray diffraction. The quality of the films was improved with an increase of the substrate
temperature. The linear optical properties of the films were studied by classic and time-
resolved photoluminescence spectra in the broad range of the temperature form 13 to
300 K. An innovative time-resolved photoluminescence technique let us precisely measure
the decay time in the real time. Results of these measurements reveal a simple exponential
decay behavior typical for well oriented crystalline thin films. Presented spectra confirm
high structural and linear optical quality of investigated films. The nonlinear optical
properties of the films were investigated by third harmonic generation technique. Our
results indicated that the substrate temperature slightly affected nonlinear optical properties
and the values of third order nonlinear susceptibilities at the 600 C were found to be
smaller relative to RT. All these unusual properties of MgO thin films deposited by laser
ablation technique made this material very interesting for the subsequent oriented growth
of the other oxide a but also for potential other optical applications.
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1 Introduction
In the last two decades, materials including thin films with metal and non-metals oxides have
been actively studied (Li et al. 2014; Ohnishi et al. 2004; Zawadzka et al. 2014a; Nomura
et al. 2001). One of the main goals of these studies was finding the films with specific
properties which allow using them as buffer layers. Magnesium oxide (MgO) seems to be
one of the most interesting materials for such applications. MgO thin films attract significant
attention due to their many interesting properties such as high electrical resistivity, high
optical transparency, good chemical resistance, excellent thermal and thermodynamic sta-
bilities, high secondary electron emission stability, low dielectric constant and low refrac-
tive index. These unusual properties caused that MgO films have been widely used as
structural templates for the subsequent oriented growth of the other oxide films such as
ferroelectrics and high temperature superconductors e.g. perovskite oxide. In many cases,
the use of buffer layers allowed to decrease interdiffusion, lattice mismatch and other
reactions. Moreover, MgO films have been also adopted as a protective layer in AC-plasma
display panels to improve discharge characteristics and panel lifetime (Rho et al. 1999; Park
et al. 1998; Sung and Kim 2000; Cho et al. 2015). Due to such applications, studies of the
linear and nonlinear optical properties of MgO thin films have become very important.
The MgO thin films have been fabricated by various synthetic methods including e-beam
evaporation (Kurt et al. 2010), atomic layer deposition (Burton et al. 2009), chemical vapor
deposition (Wang et al. 2013), radio frequency magnetron sputtering (Yongle et al. 2014),
spray pyrolysis (Bian et al. 2004) and sol gel process (Choi and Hwang 2000). However, all
these methods have their limitations such as low deposition rate, low film density and poor
homogeneity. Unlike these processes, laser ablation has been also successfully applied due
to its flexible characteristics. For example, Tiwari et al. (Fork et al. 1991) reported a growth
(1 1 1)-Textured MgO on Si (1 0 0) substrates from a magnesium oxide target. Also,
epitaxial growth of (1 0 0)-oriented MgO on Si (1 0 0) using Mg metal target was realized by
Fork et al. (Tiwari et al. 1991). From an application standpoint, conditions during the
deposition process are extremely important because they can affect the structure of the
forming film. It is well known that the structural properties of the buffer layer affect the
orientation of the next deposited film. For example, MgO (1 0 0) plane has an advantage in
preparing (0 0 1)-oriented tetragonal ferroelectric thin films, while the MgO (1 1 1) plane is
beneficial for growing (1 1 1)-oriented rhombohedral ferroelectric thin films or (0 0 0 1)-
oriented hexagonal thin films. Moreover, the laser ablation is a simple and environment-
friendly method which guarantees high-quality and reproducible thin films.
In this paper, we present the growing procedure of MgO films using a simple ablation of
MgO powder in vacuum environment. These structures were grown on quartz substrates by
conventional method except energy of the pulse, which under experimental conditions
didn’t exceed 100 mJ. We have investigated influence of the different experimental con-
ditions on quality of fabricated films. We have also performed measurements to study
linear and nonlinear optical properties of these structures.
2 Experimental
Time distribution of ablated species inside the plasma plume is very important for
understanding the PLD processes and the thin films deposition. The experimental apparatus
for laser ablation process is shown in Fig. 1. A pulsed XeCl excimer laser beam
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(k = 308 nm, pulse duration = 10 ns, repetition rate = 10 Hz) was incident on the
rotating target at an angle of 45 with a spot diameter around 0.1 mm. A step motor was
used for rotation of the target and the frequency was equal to 10 turns per minute. The
distance between the target and substrate was around 4 cm. Quartz substrates were thor-
oughly cleaned to remove the surface native pollutions before loading into the chamber.
The MgO ion–atomic plume was produced by irradiation of the MgO target by the excimer
laser beam (Zawadzka et al. 2015a; Rumianowski and Pło´ciennik 2006; Zielin´ski et al.
2000). A constant field for time-of-flight (TOF) mass spectrometer was used to investigate
the expansion dynamics of the ionic species ejected during ablation process (Zawadzka
et al. 2015a; Rumianowski and Pło´ciennik 2006). Pressure within the vacuum chamber was
kept at 5 9 10-6 mbar and ablation process lasted 30 min. In order to study the structural
as well as linear and nonlinear properties, the films were deposited in the substrate tem-
perature range of room temperature (RT)—600 C.
Ions, electrons and uncharged molecules were produced in the laser radiation interaction
region at the MgO target inside the vacuum chamber. The COMSTOCK, model TOF 101
(Dygdała et al. 2000) mass spectrometer allowed us to distinguish the positive magnesium
oxide ions. The positive ions were extracted into the spectrometer by an accelerating
voltage between the target and the conical aperture of the spectrometer (Dygdała et al.
2009). The magnesium oxide ions were detected shot-to-shot by the tandem multichannel
plate detector. The signal composed of a train of pulses was amplified and supplied to the
input of the real time multichannel scaler (RTMS) (Zielin´ski et al. 2000; Zielinski et al.
1998). The RTMS was triggered by a fast photodiode which detects a reflection from the
laser. The computer was used additionally for registering the laser power from the pulse
energy meter for each laser shot.
3 Results and discussion
In present laser ablation process absorbed (from the laser beam) energy was sufficient to
excite and ionize magnesium oxide molecules but not sufficient to break chemical bonds of
the molecules. As a result, a supersonic jet of particles was ejected normal to the target
Fig. 1 Laser ablation experimental set-up: TOF time of flight spectrometer, PA preamplifier, RTMS real
time multichannel scaler (Rumianowski and Pło´ciennik 2006)
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surface giving rise a plasma plume. The plume was spreading towards the substrate with a
strong forward-directed velocity distribution of the particles. Typical shape of the plasma
plume during PLD process is shown in Fig. 2a. Figure 2b shows the TOF spectrum for
MgO as a target material. The strong peaks assigned to MgO? and MgO2? have been
observed.
3.1 Structural study of MgO thin films
Figure 3 shows the XRD measurement results of ablated MgO thin films as a function of
the substrate temperature during the deposition process. All measurements were carried out
by diffractometer using CuKa (k = 0.1542 nm) radiation. Two peaks attributed to
diffraction from surfaces (111) and (200) were observed in most cases of XRD spectra for
sample deposited at the room temperature (without heating of the substrate). Intensity of
the peak (111) is about four times higher than peak (200). This result indicates that the
growth of the films showed preferential orientation of crystallization. Intensity of this peak
attributed to diffraction from surfaces (111) increased with increasing of the substrate
temperature during ablation process, what leads to conclusion, that higher substrate’s
temperature causes the higher level of the internal structure orientation. This phenomenon
can be explained by various molecules’ mobility as a function of the substrate’s temper-
ature. The MgO molecules have higher surface mobility at higher temperature and they can
move across the substrate surface and form. Hence, orientation of the internal structure
obtained at higher temperature is more arranged. For lower temperatures this orientation is
more accidental and weaker particles’ mobility counteracts crystallization of the film.
Our results are in good agreement with that reported by Zhu et al. (2006), who found
that MgO film grown at the temperature of the substrate equal to 400 C under low oxygen
atmosphere had a preferred orientation attributed to diffraction from surfaces (100) and
(111). Magnesium oxide has a NaCl type crystal structure with face-centered-cubic Mg and
O sublattices. The (100) planes are the cleavage planes of MgO, they are charge neutral
and naturally occurring orientation, and have the lowest surface energy. Orientation
attributed to surfaces (111) can be the fastest growing direction for a material with the
NaCl structure (Mahieu et al. 2005). At low pressures or vacuum, the growth seems to be
kinetically limited and (111) oriented grains have the largest perpendicular growth rate
Fig. 2 Plasma plume: typical shape after laser pulse at the energy 100 mJ (a), TOF spectrum for MgO? and
MgO2?ions (b)
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over (100) oriented grains. Therefore, (111) out-of-plane orientation can develop in an
evolutionary way. It is suggested that the kinetic energy of the ablated species in the plume
can be changed by controlling the pressure during the deposition process, which allows the
energy of the incident particles to be adjusted to obtain the expected orientations.
A half-width (FWHM) of these peaks decreased slightly with increasing temperature of
the substrate. This finding indicated that the samples had a certain crystalline quality. The
measured FWHMs of the sample deposited at room temperature were 0.43 and 0.78 for
(111), and (200) respectively. The FWHMs of the film deposited at 600 C were 0.29 for
(111). Thus, increasing of the substrate temperature causes that the grain size becomes
larger and the film exhibits a crystal structure due to the enhancement of the atomic
migration ability. Therefore, the optical quality of the MgO thin films is improved by
heating of the substrate during the deposition process. The temperature equal to 600 C
appears the best substrate temperature for the MgO thin films’ deposition on the quartz
plate by using laser ablation process. At higher temperatures, the quartz substrate is getting
more plastic and the re-evaporation process occurs, which leads to re-reduce the size of
grains.
3.2 Linear optical properties of the amorphous MgO thin films
The transmittance T(k) of the films was measured at normal incidence in the spectral range
200–2000 nm using a double-beam spectrophotometer (Perkin Elmer Lambda 950 spec-
trophotometer). The spectral distribution of the transmittance for the as-deposited at dif-
ferent substrate’s temperatures and next annealed (for 24 h at the temperature equal to
600 C) samples is shown in Fig. 4a, b.
For most optical applications high transmittance in the UV–Vis–NIR range is very
important. A relatively high transmittance in this spectral range and clear absorption edges
of the films were observed for all films irrespective of the annealing process. All
Fig. 3 XRD measurements of MgO thin films as a function of the substrate temperature during the
deposition process
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investigated magnesium oxide thin films have average transmittances [87 % in the
investigated range. As the temperature of the annealing process has been increased the
value of the transmittance slightly increased and reached a maximum ([91 %) after the
process. The slightly weaker transmittance of the samples deposited at room temperature of
the substrate results from the lower kinetic energy of the ablated species inside the plasma
plume. The high transmittances of the films are attributed to larger-sized crystallites what
eliminates light scattering. Investigated wavelength range did not allow determining the
absorption edge of MgO films which is of about 160 nm.
Photoluminescence (PL) experiments were carried out under pulse excitation. Nitrogen
laser (k = 337.1 nm, FWHM = 5 ns, power in pulse 20 kW and 10 Hz repetition rate)
was used as excitation source. Photoluminescence signal was registered by using photo-
multiplier (HAMAMATSU R928) and the boxcar averager (162/164 PAR) (Zawadzka
et al. 2014b). Measurements of the PL process were performed within temperature range
from 13 to 300 K. Samples were placed in vacuum chamber and cooled to temperature
equal to 13 K. Experimental spectra were registered after 30 min from reaching desirable
temperature. Photoluminescence spectra of the MgO thin film on quartz plates recorded at
different substrate’s temperature equal to RT and 600 C are shown in Fig. 5a, b.
Intensities of the photoluminescence process for all investigated samples were very low
regardless of the applied substrate temperature. Photoluminescence spectra at different
measuring temperature contained various emission features, which changed their intensity
and positions with the temperature. The optical properties of thin films are depending on
both intrinsic and extrinsic effects. Photoluminescence measurements give the possibility
to determine the optical quality and the presence of impurities in the material. Precious
data of the energy transport and other processes occurring within the film structure can be
deducted from temperature dependent photoluminescence spectra. In the case of this study,
measurements of the PL were carried out within temperature range from 13 to 300 K.
Fig. 4 Transmittance spectra as a function of the substrate temperature and annealing temperature:
a Tsub = 600 C and b Tsub = RT (room temperature)
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To reconstruct the spectrum and to determine the individual peak position and its intensity
within the spectrum standard multiple Gaussian fitting procedure was used. One main and
five smaller bands were identified. The peak positions of the six Gaussian bands are located at
about 395, 423, 464, 580, 660 and 760 nm. Intensities of the first three peaks were much
greater than the other three and these three bands overlap each other. Blue and blue-green
emission may originate from the defects in MgO such as oxygen and magnesium vacancies
(Kar and Chaudhuri 2006) and interstitials positions of the atoms, presumably being gen-
erated during the high-temperature ablation process. The similar blue (Deepak et al. 2006)
and blue-green emission (Zhang and Zhang 2002) have been observed for various MgO
nanostructures. The red bands with the peaks located at 600–700 nm were reported by Zhang
and Zhang (2002) and Chao (1971) and were assigned as vibrational sidebands lines in
luminescence spectrum of bulk MgO with interstitials defects and/or or surface states. The
band located at 760 nm may also be associated with the relaxation luminescence of the defect
centers excited by mechanical stress. The relaxation luminescence of defect centers may
exist because crack causes bond-breaking and nuclear motion, and promotes release of atoms
and ions from the lattice sites, resulting in the creation of defects.
For MgO thin film deposited at room temperature of the substrate all six photolumi-
nescence peaks regardless of the measurement’s temperature had similar intensities.
However, for the sample deposited at the substrate’s temperature equal to 600 C peaks
intensities initially did not change their value but above 150 K started to fall rapidly.
Additionally, the first three peaks considerably more overlap and formed one band. There
were also much lower intensities of peaks associated with mechanical stresses and defects
Fig. 5 Photoluminescence spectra of MgO thin films on quartz at different measuring temperatures as a
function of the substrate temperature: a Tsub = 600 C and b Tsub = RT
Fig. 6 Time-resolved photoluminescence (TRPL) spectra of MgO at PL measurement’s temperature 13 and
300 K: a Tsub = 600 C and b Tsub = RT
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of the crystal structure. This leads to the conclusion that the number of defects inside the
films formed at the higher temperature of the substrate is significantly lower.
Dynamic of photoluminescence signal from MgO thin film prepared at the temperature
of substrate equal to RT and 600 C, recorded at different temperature is shown in Fig. 6a,
b. These spectra were measured at the excitation energy’s density equal to 460 mJ/cm2.
The time-resolved photoluminescence (TRPL) is a powerful, nondestructive technique
commonly used for the optical characterization of the semiconductors (Zielin´ski et al.
2000; Zielinski et al. 1998; Zawadzka et al. 2013a). This technique allows measuring the
all emission bands’ lifetime. It is an important parameter related to material quality. The
emission band’s lifetime will vary with material phase and its crystallinity. The efficiency
of the radiative recombination is strongly related to decay time of the particular transition.
For all investigated samples, the decaying part of the TRPL data was well described by
second order exponential decay function defined as: A1 exp t=s1ð Þ þ A2 exp t=s2ð Þ
(Pło´ciennik et al. 2014, 2013). The faster s1 and slower s2 decay constants were smaller for
the sample deposited at the temperature of the substrate equal to 600 C than that one
deposited at room temperature regardless of the decay time of the PL measurements. Both
of these decaying component were attributed to the blue and green–blue luminescence
correspond to the vacancies, anti-site defects or deep band emission characteristic for phase
containing internal strains and altered structural symmetry.
3.3 Nonlinear optical properties of the MgO thin films
The third order nonlinear optical susceptibilities (v(3)) of investigated MgO thin films were
examined by THG method. All measurements were carried out using the rotational Maker
fringe technique (Maker et al. 1962) in the transmission scheme (Zawadzka et al. 2013b,
2015b; Pło´ciennik et al. 2015). A silica glass plate has been used as reference materials for
the third harmonic generation measurements. A Q-switched mode-locked Nd: YAG laser
operating at 1064 nm with 16 ps pulse duration, 1.6 mJ power per pulse and repetition
frequency of 10 Hz was used as a fundamental beam. The laser beam has been found to
exhibit Gaussian spatial and temporal profile. The beam’s diameter was 0.4 mm at the film
and the applied power density was about 5 GW/cm2. The fundamental beam was focused
on the sample using a lens with 250 mm focal length. A rotation stage with a resolution of
0.5 (model Standa 8MR180) with the mounted sample of magnesium oxide thin film
allowed the variation of the incidence angle. After passing the sample, the transmitting
filter was used to cut the pump laser beam before the photomultiplier. Detector saturation
was prevented using linear neutral density filters, whose transmittance value was taken into
account during data fitting. The third harmonic signals were detected by the photomulti-
plier tube model: HAMAMATSU R1828-01, integrated by a box-car average system and
processed by a computer. A portion of the input beam was reflected and measured by a fast
photodiode Ph2 to monitor the input energy. For each sample, the measurements of the
third harmonic signal intensity as a function of the angle of incidence was performed on a
total of 40 laser impulses for each angular position. Finally, the so-called Maker (Maker
et al. 1962; Zawadzka et al. 2013b, 2015b) fringes were generated by rotating the sample
through the range of ±60 to the normal and recorded.
In the THG technique, an incident laser beam of high intensity at the frequency x
interacts with a nonlinear medium and generates an additional beam at a frequency 3x. The
third harmonic beam corresponds to a pure coherent electronic nonlinearity. This technique
is one of the most informative methods for evaluating the electronic contribution of the real
part of the third order nonlinear optical susceptibilities velec
h3i . The THG technique is
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sensitive to ultrafast electronic mechanisms of nonlinear response within femtosecond
relaxation times and it is almost insensitive to slower effects such as thermal relaxation.
Moreover, THG is a much more accurate technique because it allows to directly measure
the nonlinear susceptibility and the result is undisturbed by the wavelength of fundamental
laser beam. In the case of the DFWM technique, nonlinear signal from the sample is
observed as an intensity decrease of the fundamental beams (all waves are focused on the
sample and have the same wavelength).
A few theoretical models, using various approximations, have been described in order to
determine the value of velec
3 from the shape of the experimental curves of Maker fringes
(Maker et al. 1962; Zawadzka et al. 2013b, 2015b) obtained by the THG technique. We
used comparative model for explanation of our experimental results. This model compares
(Lee et al. 2001) directly the maximum of light intensities amplitudes for the third har-
monic of nonlinear medium with those of the reference material used for its calibration of
the experimental setup. The value of the third order nonlinear susceptibility velec
3 is derived
by comparing third harmonic peak intensities of the sample and reference material (fused
silica glass).
The comparative model gives the order of magnitude of the third order nonlinear
susceptibility velec
3 . The refractive indices and third order susceptibility are considered real,
so the weak absorption of the typical nonlinear sample is ignored. The velec
3 value of the
investigated material is calculated using the following Eq. (1):








for the thin film whose thickness d is much smaller than the coherence length LCRM of
reference material (fused silica plate). The index ‘‘RM’’ corresponds to the reference
material, vRM
3 is the third order nonlinear optical susceptibility and I3xRM is the THG
intensity of the reference measured under identical conditions to the sample. I3x is the
absorption-free THG signal from the fringes of the sample. The value of vRM
3 for fused
silica glass equals 2.0 9 10-22 m2/V2 and 3.11 9 10-14 esu (at kx = 1064 nm) and is
reported in the literature (Chao 1971; Lee et al. 2001; Kulyk et al. 2010).
Figure 7a, b show experimental results of the third harmonic intensity of two samples
deposited on 1 mm thick quartz substrate at different substrate temperature: RT and
Fig. 7 THG signal dependence as a function of the incident angle of the fundamental beam and temperature
applying during the ablation process: a Tsub = 600 C and b Tsub = RT (S, vertical; P, horizontal
polarizations of the fundamental laser beam)
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600 C. THG signal were measured for two linear (S, vertical and P, horizontal) polar-
izations of the fundamental laser beam. To determine the third order optical susceptibility
of the sample, the analysis of the experimental results was carried out by using Maker
fringes technique. Detailed analyses of the spectra show many fringes, which become
tighter with the increase of incidence angle h, because the length of interaction L in sample
increases nonlinearly with the angle. When the thickness of the material d is higher than
the coherence length LCRM, the wave’s constraint and free interfere to each other, and the
intensity of third harmonic signal can pass through a series of maxima and minima.
Experimental curves display an oscillatory signal and intensities depend on the inci-
dence angle, regardless of the substrate temperature. Good symmetry of TH signal for both
deposited at RT and 600 C samples were found and proved the smooth surface and good
quality of the films. It was found that the dependence of the TH intensity on the polar-
ization of the fundamental laser beam does not show a simply relation. Also intensity of the
TH signals just slightly depends on the substrate temperature during laser ablation process.
Moreover, TH intensity of the MgO thin films deposited at 600 C was almost independent
on the polarization of the laser beam for all THG measurements. In the case of RT
deposited films TH intensity showed a slight dependence for all THG measurements. These
measurements and theoretical calculation based on described above Comparative models
allow us estimating the value of the real part of the third order nonlinear optical
susceptibility.
Presented experimental results and theoretical calculation based on Comparative model
allow us estimate values of the third order nonlinear optical susceptibility velec
h3i for both
temperatures of the substrate during the deposition process for Magnesium oxide thin films
(Table 1). It was found, that the value of the electronic part of the third order nonlinear
optical susceptibility decreased with the substrate temperature increasing for all investi-
gated samples. Values of velec
h3i for the sample deposited at 600 C e are slightly smaller
than for the samples fabricated at room temperature. Our calculated results are comparable
to those presented in the literature (Adachi 2004; Kulyk et al. 2009).
4 Conclusion
This paper was focused on the growth and optical properties of magnesium oxide (MgO)
thin films fabricated by laser ablation process. The improvement of the structure and the
emission characteristics for MgO thin films by application proper substrate temperature
during ablation process has been established. XRD spectra showed that the substrate
temperature influences the FWHM of the diffraction peaks therefore also grain growth. The
Photoluminescence spectra in wide range of temperatures: 13–300 K also showed
Table 1 Fundamental beam polarization, laser ablation process substrate temperature and results of non-
linear optical susceptibility velec
h3i obtained for MgO thin films from calculation based on Comparative model
Sample Polarzation Substrate temperature (C) velech3i Model
(10-22 m2/V2) (10-14 esu)
MgO P RT 1.52 ± 0.22 2.36 ± 0.34 Comparative
S RT 1.59 ± 0.21 2.47 ± 0.33
P 600 1.44 ± 0.21 2.24 ± 0.33
S 600 1.41 ± 0.21 2.19 ± 0.33
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improvement in optical properties of the magnesium oxide films deposited at higher
temperature of the substrate. Experimental results of TRPL shed new light on the con-
troversial issue of the interpretation of the luminescence spectra of MgO thin films.
Various physical mechanisms and their impact on observed spectra were depicted. THG
experiments were performed and the values of the third order nonlinear susceptibility
(electronic part) were found to be similar for well oriented crystal samples than those with
the polycrystalline structure. This difference in THG intensities for the MgO thin films
prompts that the well oriented crystalline thin films play a very important role as an
intermediate films for various multilayer structures. Obtained results confirmed good
structural and optical films’ quality and the substrate temperature was crucial to controlling
structure and preparing high-quality MgO thin films with a smooth surface.
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